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J>Th'.s  report  ;  mraari zes  a  survey  study  aimed  at  improving  our  understanding 
of  the  physical  processes  which  control  the  infrared  radiation  in  the 
upper  atmosphere.  The  experiment  is  conducted  to  generate  various  infrared 
bands  of  the  atmospheric  species  in  our  large  discharge  chamber. 
Interpretations  are  given  for  the  observed  data  by  identifying  the  species 
involved  and  determining  their  parameters  in  terms  of  the  atomic  or 
molecular  *ran3ltions.  ^ 
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INFRARED  MISSION  SPECTROSCOPY 
OF  LOW  PRESSURE  GASEOUS  DISCHARGES 


This  program  ir.  a  laboratory  study  aimed  at  improving,  our  understanding 
of  the  physical  processes',  which  control  the  infrared  radiation  in  the  upper 
atmosphere.'  Our  effort  is  to  generate  various  infrared  bands  of  the 
atm  spheric  species  in  our  arge  discharge  chamber.  We  interpret  the 

observed  da*a  by  identifying  the  species  involved  and  determining  their 

2 

parameters  in  terns  of  the  atomic  or  molecular  transitions. 

"hir  experimental  approa-h  is  to  use  a  3t>-meter- long  electric  discharge 
column  as  an  infrared  emission  source.  Spectr  metric  study  is  performed 
using  the  technique  of  Fourier  spectroscopy .  We  achieve  a  large  improve¬ 
ment  in  detection  of  weak  Infrared  emission  bands  by  combining  an  efficient 
spectr  metric  technique  with  the  infrared  emission  source.  This  allows 
iata  measurement  within  a  shoe*  time  period  while  maintaining  an  adequate 
spe-tral  resolutifn. 


EXPERIMENTAL  SETUP 

An  overall  view  of  our  large  discharge  source  and  spectrometric 
arrangement  is  shown  in  Fig.  1.  A  ^O-met er-long  1-meter-di  ame*.er  cylinder 
is  used  as  a  container  of  the  discharge  source,  which  is  formed  between  a 


1. -meter-long  central  electr  >de  and  the  external  wall  ar  shown  in  Fig.  ?.  ^ 

«• 

An  a.c.  60  H?  V'  ltagc  of  up  to  1000  V  is  applied  between  the  electrodes, 

i*  'n-' 

vt  "*  C 

ac*ivating  the  discharge.  The  interferometer  accepts  the  infrared  v  v 

$ N 

radiation  through  a  KRr  lens  placed  at  the  exit  port  of  the  discharge  v 


source.  The  i  nt  erferogran  signal  is  observed  by  a  detector  housVd'in  • 


>  t 

'A 


liquid  nitrogen  dewar.  The  path  difference  is  monitored  by  the  interference 

o 

fringe  signal  of  the  HeNe  cw  laser  line  at  6328  A  (air  wavelength).  The 

detector  output  is  ac-ompl i f ied ,  synchronously  demodulated,  and  integrated 

through  a  standard  lock-in  amplifier  setup.  The  output  signal  of  the  lock- 

in  amplifier  is  converted  to  a  digital  signal  by  an  analog-to-digital 

converter,  which  is  triggered  by  the  sero-croBsing  position  of  the  laser 

interference  reference  signal.  The  digitized  interferogram  signal  is  then 

recorded  on  a  mass  storage  device  (a  floppy  disk)  under  the  control  of  an 

LJI-11  minicomputer.  After  completion  of  the  interferogram  measurement, 

the  interferogram  data  is  post-processed  using  o  it  central-site  large-scale 

computer,  CDC  CYBKK  system,  for  the  Fourier  tr an  formation,  etc.  Our  data 

acquisition  scheme  is  shown  schematically  in  Fig.  3.  The  programs  for  the 

LSI-11  data  acquisition  process  and  the  data  transfer  to  CYBER  are  included 

in  this  report  (see  Appendix).  These  program:  are  incorporated  with  version 

1, 

V0PC-02  of  the  RT-11  operating  system. 


i .  Source 

The  optical  cell  shown  in  Fig.  2  is  known  as  the  "Pfund"  cell.'’  The 
discharge  column  formed  between  the  electrodes  is  seen  thrice  along  the 
optical  path,  thus  forming  an  equivalent  i6-aeter-long  discharge  column. 

The  excitation  energy  released  to  the  at«ss  and  molecules  in  the  glow 
discharge  can  be  estimated  in  the  following  way:  The  electric  field  in 
the  cell  is  given  is  a  function  of  a  distance  r,  measured  from  the  center  by 


F  * 


V 

r(lr£) 

ft 
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where  V  is  the  electric  potential  applied  between  the  central  electrode  of 
rad'  s  a  and  the  wall  of  radius  b.  Fig.  1*  shown  a  section  of  our  cell. 


which  is  characterized  by  a  *  3.75  cm  and  b  *  50  cm.  In  the  electric  field, 
the  electrons  pick  up  their  energy  between  collisions.  The  mean  free  path 
<x>  of  these  electrons  can  be  given  by 

<x>  *  ^  C 

no 

where  n  is  the  number  density  of  the  colliding  molecules  and  a  is  the 
collision  cross-section.  If  an  electron  move:-  parallel  to  the  field 
direction  between  a  collision,  it  increases  its  average  kinetic  energy  t 
by  <x>eE 


c  ■  e<x>F 


r(ln— )no  r(ln^)N  p 
a  a  o 


It  is  seen  that  the  excitation  is  the  highest  in  the  vicinity  of  the 
electrode  and  that  it  reduces  toward  the  outer  wall.  F <r  a  typical  example. 


we  can  assume  o  % 


lCf16  cm'  ,  V  «  700V,  and  n  =»  N  -^  =  ?.t>87  x  10l6  for 

°Po 


p  =  0.76  torr.  The  field  at  r  =  10  cm  is  about  27  V/cm,  while  the  mean 
free  path  is  about  0.37  cm.  The  excitation  at  r  *  10  cm  would  reach 
10  eV  *  80680  cm  \  In  reality,  the  electrons  do  not  necessarily  move 
parallel  to  the  lines  of  Force,  and  the  cross-section  o  is  dependent  on  the 
electron  energy.  Nonetheless,  our  estimate  may  be  accepted  as  a  rough 
value. 

One  thing  noticeable  ir.  that  the  excitation  is  very  sensitive  to  the 
gas  pressure.  Once  the  gas  pressure  is  above  0.^  torr,  the  glow  discharge 
which  is  indicative  of  transitions  between  the  ••lect.ronic  states  Is 
confined  to  the  vicinity  of  the  electrodes,  leaving  a  dark  space  elsewhere. 
For  heteronuc lear  molecules,  the  infrared  emission  does  not  necessarily 
occur  via  an  electronic  transition.  An  absence  of  the  visible  glow  dis¬ 


charge  does  not  eliminate  a  possible  infrared  emission.  However,  for 
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homonuclear  molecules,  electronic  transitions  are  necessary  to  produce 
infrared  transitions. 

The  voltage  applied  to  produce  a  glow  discharge  is  at  60  Hz.  It  is 
obtained  from  the  ordinary  60  Hz  power,  through  a  step-up  transformer. 

D.C.  voltages  did  not  produce  stable  discharges.  The  central  electrode 
is  usually  water-cooled. 

T 

Pig.  5  is  a  sketch  showing  the  atomic  oxygen  (01)  energy  levels 
together  with  the  infrared  01  lines  observed  in  our  experimental  setup. 

(The  observed  01  lines  are  listed  in  Table  I.)  The  energy  of  these  levels 

2  2  1*  3 

is  referenced  to  the  ground  state  of  atomic  oxygen  Is  2s  2p  P.  ,  which 

is  located  at  approximately  U0,000  cm  ‘  above  the  molecular  0„  ground 

state  X  \  .  With  a  gas  pressure  of  0.2  torr  and  700V  applied  to  the 
g 

electrode,  we  can  estimate  the  electron  energy  reaching  a  value  higher 
than  20  eV  (*v.l60,000  cm  i).  This  rough  estimate  for  the  electron  energy 
in  our  discharge  condition  is  well  supported  by  the  observed  01  transitions. 
int  erf  erogram  Pata  Acquisition  Electronics 
The  electronics  used  in  the  inter ferogram  acquisition  scheme  is  a 
standard  lock-in  amplifier  setup.  The  integration  of  a  demodulated  signal 
is  provided  by  an  PC  filter  which  performs  integration  on  the  temporal 
axis.  We  have  made  no  attempt  to  correct  non-uniformities  of  the  inter¬ 
ferometer  drive.  As  a  consequence,  distortion  in  the  spectra  obtained 
becomes  pronounced  whenever  the  int.erferogram  data  measurement  extends  to 
more  than  1  cm  of  optical  path  difference. 

Another  problem  which  we  did  not  attempt  to  correct  is  a  phase 
mismatch  between  the  lock-in  amplifier  demodulation  and  the  excitatlon- 

g 

relaxation  sequence  of  various  spectral  components.  We  expect  that 
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excitations  of  the  observable  species  vary  in  time.  These  species  undergo 
their  own  excitation-relaxation  cycle.  We  did  not  attempt  to  study  this 
aspect  at  this  moment,  since  a  substantial  modification  of  the  electronics 
is  needed  to  make  a  tempora.  separation  of  each  evolutionary  cycle.  These 
two  problems  remain  to  be  solved  in  the  near  future. 

3.  Interferometer 

The  interferometer  used  in  this  measurement  is  an  Idealab  IF-6.  We 

used  a  C a>\,  bear,  splitter  with  a  InSb  photovoltaic  detector  at  liquid 

o 

temperature.  The  reference  laser  line  was  the  HeNe  line  at  6328  A.  Some 
instabilities  resulted  in  the  laser's  signal  when  the  laser  beam  was 
reflected  back  on  itself.  To  avoid  this,  the  laser  beam  was  sent  slightly 
non-colncident  with  the  optic  axis  of  the  interferometer.  The  line- 
position  measurement  consequently  requires  a  correction  of  the  error 
resulting  from  this  tilt.  The  interferometer  was  scanned  at  a  relatively 
slow  speed  of  abou*  Sum/ sec  f  131.  see). 

iirRCTSAI.  DATA  OP  TAINT!  A.V:  THUS  I VTVKH- riAT.’  X 

>ir  study  was  t.  inspect,  the  infrared  emission  of  various  atmospheric 
ape-ies.  In  doing  s  ,  we  formed  an  electric  !ischarg»  column  in  air  under 
an  appropriate  pressure  and  in  other  gas  mixtures.  The  spectral  data 
inspected  were  those  of  discharges  formed  in  He,  0?,  X  ,  C0?,  N  O,  NH  ^ ,, 
and  various  mixtures  of  these  gases,  in  addition  to  those  produced  by  air. 
specific  mixtures  were  selected  to  produce  the  spectral  data  necessary  for 
interpreting  those  features  observable  in  the  air  discharge. 

Fig.  6  shows  the  spectral  feature  produced  in  the  air  discharge. 
Because  of  th»  physical  condition  existing  in  >ur  experimental  setup  as 
mentioned  above,  the  data  were  taken  at  a  pressure  of  .1  a.  .2  torr  with  an 
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electrode  voltage  of  600V  a.c.  (rms).  The  current  density  was  approxi- 
_S  -2 

mateiy  2  x  10  amp  cm  ,  with  a  total  power  dissipation  of  900  watts.  In 
the  atmosphere,  pressure  of  0.1  torr  corresponds  to  an  altitude  near  60  km. 
Although  temperature,  excitation  mechanisms  and  species  concentration  may 
differ  somewhat,  the  obtained  spectral  'eatures  are  expected  to  be  close 
to  those  observable  at  that  altitude.  The  spectra  were  taken  with  a 
spectral  resolution  of  about  1  cm-i  .  A  feature  observable  in  the  lowest 
frequency  region  around  1800  cm  1  is  the  vibrational  fundamental  (Av  *  l) 
of  NO  ground  3tate.  The  CO  vibrational  fundamental  (Av  =  l)  is  the 
feature  observable  next  to  the  NO  band,  followed  by  the  CO,,  bands  at  l*.3u. 

The  feature  seen  between  2 700  cm  '  and  1*000  cm  1  consists  of  various 
electronic  transitions  of  N  and  the  vibration  fundamentals  of  NH  and  OH. 

The  band  structure  above  5500  cm  ‘  belongs  to  the  first  positive  system 

,3  3  ♦  . 

(B  n ,  A  T.^ )  of  N,,.  The  atomic  lines  of  H,  0  and  N  are  observable  through¬ 
out  the  entire  region  covered.  The  atoms  and  molecules  in  the  discharge 
chamber  gain  their  excitation  energy  through  the  electronic  collision 
process  and  emit  the  infrared,  visible  and  UV  radiation  in  the  de-excitation 
phase .  We  estimated  the  electron  energy  available  for  the  excitation  to  be 
in  the  order  of  20  eV,  as  described  previously.  Our  discussion  will  be  on 
i he  infrared  emission  of  these  atoms  and  molecules  in  relation  to  excitation 
energy  ava  lable  in  the  electronic  collision  process. 

For  h  monuclear  molecules,  the  observable  infrared  transition  must 
occur  between  different  electronic  states.  The  electronic  transitions  to 
the  ground  state  involve  an  energy  difference  usually  larger  than  10,000  cm  ‘, 
and  they  are  observable  in  a  region  outside  to  the  traditional  infrared 
range.  The  infrared  transitions  are  observable  if  the  energy  difference 
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between  two  respective  excited  states  falls  into  a  proper  range.  Most  of 
these  transitions  involve  the  two  highly  excited  states,  which  are  very 
closely  situated.  The  spectroscopic  data  in  the  visible  and  ultraviolet 
region  are  not  helpful  in  furnishing  a  detail  of  those  states  suitable  for 
the  study  of  the  infrared.  A  detail  of  those  levels  seems  only  possible 

in  the  infrared  emission  study.  Unfortunately ,  the  infrared  emission  study 

9 

has  not  been  intensive,  partially  because  until  recently  the  technique  was 
not  developed  to  supply  a  good  sensitivity  for  a  meaningful  measurement. 

Heteronuclear  molecules  are  infrared  active  in  the  vibrational 
rotational  transition.  Consequently,  the  infrared  emission  may  be  produced 
by  the  transition  within  the  electronic  ground-state  without  involving 
electronic  transitions. 

Fig.  7  shows  the  spectral  feature  of  air  discharge  taken  at  a 
different  tine.  We  suspect  that  the  air  for  this  spectrum  contains  more 
moisture,  as  indicated  by  more  distinctive  NH  lines.  We  noticed  that  the 
presence  of  hydrogen  in  the  discharge  column  produces  a  significant  effect 
on  the  overall  excitation  of  various  species.  However,  an  effect  of  H„0 
to  the  discharge  was  left  unstudied  at  this  time  because  we  are  afraid 
that  the  HpO  molecules,  once  they  are  forcef ul  ly  introduced  into  the 
chamber,  will  irreparably  contaminate  the  overall  electrode  surfaces.  We 
introduced  the  H,,  into  the  discharge,  expecting  that  the  effect  would  be 
similar  if  the  H^O  molecules  would  dissociate  in  the  discharge  excitation. 
With  this  expectation,  we  t-ok  data  of  various  gases  with  and  without  Hp 
mixing.  The  spectral  data  shown  in  Figs,  8  through  l8  were  collected  for 
producing  a  proper  identification  to  those  spectral  features  observed  in 
the  air  discharge  data,  as  well  as  for  obtaining  a  general  insight  to  the 
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physics  ar.d  chemistry  of  the  responsible  species.  We  were  able  to  identify 


in  the  air  discharge  data  those  features  produced  by  N0,  N,  0„,  0,  H,  CO,,, 
CO,  OK,  NK,  and  NO.  The  following  provides  a  brief  description  of  these 
species . 

( a )  Nitrogen ' J 

The  spectra  are  shown  in  Fig.  9  for  pure  nitrogen  iischargc  and  in 

Fig.  10  for  N  ,  mixed  with  30f  hydrogen.  It  can  be  3een  from  these  figures 

that  the  nitrogen  molecules  produce  an  extremely  complex  feature,  nothing 

•  >m;>nrable  to  either  the  oxygen  or  th-  hydrogen  molecules.  Fig.  19  shows 

the  molecular  potential  curves  of  various  molecular  nitrogen  states.  The 

1  west  excited  states  are  a  group  of  triplet  states,  consisting  of 

A  ,  3  ,  3'  'l  and  W  \  .  The  "first  positive"  bands  of 

N,  which  are  observable  in  the  7000  a  8000  cm  *  range  are  the  transitions 

between  A  and  B  *7  .  As  the  molecule  gets  more  excited,  the 
UK 

—  I  3  3 

"Henesch-Wu"  bands  (in  the  '300  to  U000  cm  range)  between  B  H  and  V  A 

P  u 

are  formed.  Other  transitions  which  fall  into  the  Infb  region  are  the 

MeFarlane  infra-ed  sys’ems  (in  the  2300  cm  ‘  range)  between  v  *  A  ar.d  a  *n 

u  g 

and  a  'll  and  a*  ‘r  . 

g  u 

Once  the  excitati  n  rea -hes  the  next  triplet  group  of  C  ’n  ,  C’ 

u  u 

and  others,  its  energy  exceeds  the  dissociation  limit  of  the  ground  state 

1  ♦ 

X  r  ..  Beyond  this  threshold ,  the  atomic  lines  would  become  observable. 

In  our  spectra,  only  few  NI  lines  were  observed.  The  most  distinctive 
lines  which  appeared  throughout  the  entire  data  are  a  doublet  at  cm” 

and  7361.0  cm  of  the  (is  T  -»  Bp*”?  )  transition.  The  dissociation  energy 
of  the  ground-state  N  is  relatively  high  at  9  eV.  Since  the  overall 
energy  available  for  the  excitation  is  about  20  eV,  the  excitation  of  NI 


does  not  exceed  11  a  12  eV.  Consequently ,  we  fall  to  observe  many  N1  lines, 
in  contrast  to  the  01  case  mentioned  above. 

( b )  Oxygen^ ’ 1 1 

The  molecular  oxygen  levels  sketched  in  Fig.  20  indicate  that  the 
molecular  transitions  are  unlikely  to  be  observed  in  the  2000  a,  5000  cm-1 
region,  as  the  0„  molecule  dissociates  at  n  relatively  low  excitation 
energy  (a<5  eV ) .  In  contrast  to  the  N,  case,  many  atomic  oxygen  lines  are 
observable  in  the  infrared  as  seen  in  the  spectrum  shown  in  Fig.  11. 

Table  I  lists  major  01  lines  observed  in  the  infrared  region.  The 
observable  transitions  indicate  an  overall  excitation  of  IT  eV  or  higher 
in  reference  to  the  molecular  oxygen  ground  state. 

( c)  Hydrogen 

No  molecular  bands  were  observed  in  the  lata.  The  molecular  potentials 
of  this  molecule  a-e  pr  >vlded  in  Fig.  21  for  convenience.  Atomic  lines  are 
the  only  transitions  observed  in  our  lata.  Table  II  lists  the  atomic  liner 
bserved  in  the  2000  cm  1  a-  8000  cm  "  region.  The  overall  excitation, 
which  is  a  referen -e  to  the  molecular  hydrogen  ground  state,  reaches  17  eV 
r  higher.  There  is  a  notable  effect  of  the  hydrogen,  either  atomic  or 
m  leeudar,  to  suppression  of  the  CO  infrared  ‘’undament al  transitions.  We 
do  not  understand  what  mechanism  is  involved  in  the  suppression.  There 
are  two  factors  to  be  included  in  considering  the  quenching  of  the  CO 
bands.  The  chemical  reaction  rate  between  CO  and  either  H,  or  K  are  not 
distinctively  fast.  The  collision  frequency  is  expected  to  increase  by  a 
factor  of  10  when  the  hydrogen  gas  is  introduced.  The  infrared  CO 
transition  is  a  fluorescent-type  reaction  which  is  characterized  by  a 
long  radiative  lifetime  (longer  than  1  mS ) .  We  can  speculate  that  the 
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CO  transition,  having  a  long  *-aiiative  lifetiir,.-,  is  influenced  by  an 
increased  collision  frequency.  This  is  genera. ly  true  for  all  infrared 
vibrational  transitions  occurring  within  the  electronic  ground  state.  An 
extent  of  this  effect  on  the  CO  bands  has  not  been  fu . ly  studied  for  our 
discharge  condition. 

(d)  C02l? 

The  excited  electronic  sta'er  of  this  molecule  are  vaguely  known. 

The  nearest  excited  state  belongs  to  a  different  molecular  symmetry  than 
that  •'  the  ground  state,  which  has  a  diss  elation  energy  of  5.^*  eV  to  a 
•on figuration  of  C  ♦  0.  rhe  discharge  in  a  pure  C0„  environment  did  not 
produce  a  CO^  infrare  I  band  over  the  entire  l "00  rr.  '  a  8000  cm  1 .  As 
-  la  Fig.  iU,  the  only  spectral  feature  observed  in  the  CO^  discharge 
war  the  CO  fundamental.  There  is  a  well  known  resonance  between  the  v., 

°  1  vibrational  m  b-  of  CO,  and  the  fundamental  vibration  of  H  .  We 

c  2 

may  speculate  tha*  the  CM  emission  in  the  infrared  is  a  product  through 
a  secondary  process,  not  by  a  direct  excitation.  The  spec* ral  data  taken 
with  the  G0g/lg  mixture,  we  were  able  to  demonstrate  that  the  band  of 
increases  its  intensity  with  the  concent rat ' on . 

(e)  CO13 

The  fundamental  band  of  this  molecule  is  rather  difficult  to  remove 
from  ur  iischnrge  excitation.  We  observed  only  few  cases  where  the  CO 
fundamental  is  well  suppressed.  The  effect  of  hydrogen  to  the  CO  emission 
was  described  above. 

(f)  OH1*4 

The  vibrational  fundamental  transition  of  this  free  radical  was  seen 
in  most  of  the  spectral  data.  The  atomic  lines  of  both  0  and  H  were 
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observable  together  with  the  OH  band.  The  OH  intensity  was  observed  to 
Increase  with  the  hydrogen  concentration.  It  is  rather  puzzling  that  the 
OH  band  is  embarrassingly  strong  in  the  N,/H0  discharge  data,  while  the 
NH ^  discharge  data  shown  in  Fig.  15  has  no  trace  of  the  OH  lines.  The 
observed  position  of  the  OH  lines  shows  a  good  agreement  with  the  values 
reported  by  Mai  Hard  et  al 
(g)  NH1*' 

The  NH  vibrational  fundamental  appeared  consistently  in  the  air, 

N^/Hg  and  N^O/Hg  discharge  data.  The  NH  m  lecules  in  these  cases  were 
evidently  formed  by  recombi nation  process.  This  was  supported  by  the 
fact  that  as  the  hydrogen  molecules  were  removed  both  the  N,  and  NO 
lis  -barges  produced  insignificant  NH  excitati  >n.  Traditionally  the  NH 
band3  in  the  uv  region  were  generated  by  decomposing  NH  .  Our  NH  , 
discharge  lata  were  ‘aK-n  to  identify  the  NH  band  formed  both  in  the 
recombination  and  decoepjosit.lon  pr<  ess,  as  well  as  to  isolate  it  from 
ither  excitations.  rig.  16  sh  ws  the  NH  band  taken  with  a  spectral 
resolution  of  0.1  cm  '. 

This  band  was  somewhat  unexpected,  in  par*  because  •her'*  was  no 
published  infrared  spec*  ral  data  available  and  in  part  because  the 
generation  of  the  Nr  through  roc  mb i nation  was  not  predicated  at  all. 

This  free  radical  seems  chemically  more  reactive  to  the  NO  than  the  OH, 
as  evidenced  in  the  result  brained  in  the  N  ,0/Ho  discharge  data  where 

c  c 

‘he  formation  of  the  NH  band  is  accompanied  by  No  emission  that  is  much 
weaker  than  that  of  the  pure  N  ^0  discharge  lata.  We  conducted  a  thorough 
study  on  this  band.  The  spectral  analysis  on  this  band  has  been  completed 
and  the  results  obtained  will  be  published  in  the  near  future. 


The  mechanism  for  forming  NO  molecules  in  the  air  discharge  is  probably: 

N  ♦  0?  •*  NO  ♦  0, 

a.  our  discharge  excitation  creates  a  considerable  amount  of  the  atomic 
states.  The  NO  band  seen  in  the  air  discharge  data  must  be  generated  by 

rec  mbination,  while  tnnt  s*-er.  in  the  N.,0  discharge  data  is  by  decomposition. 

Comparing  the  spectra  of  Figs.  17  and  18,  one  for  the  N„0  and  another 
•  r  Vie  N  /H  ,  discharge,  the  NO  band  was  seer,  to  be  suppressed  in  the 
latter  spectrum  as  the  Nli  band  became  more  intense.  The  chemical  reaction 

rate  )f  NH  to  N  is  known  to  be  fast.  At  present,  we  do  not  know  whether 

the  :  rmed  NH  molecules  react  to  prevent  the  NO  excitation  or  to  destroy 
the  N  ok  leeuiar  formation.  The  molecular  potential  curves  of  this 
m  lecule  are  provided  in  Fig.  23  for  convenience. 

i on 

A  laboratory  study  w nr  c  nducted  to  gain  our  understanding  of  the 
infrared  emission  spectrum  observable  ir.  the  upper  atmosphere.  In  so  doing, 
a  large  electric  discharge  cn.uan  was  formed  in  a  low  pressure  gaseous 
environment.  Using  the  technique  of  Fourier  spectroscopy ,  spectral  features 
produced  by  various  atmospheric  species  were  detected  in  the  infrared 
emission  produced  in  the  discharge.  We  have  gaineo  s.me  insight  into  the 
formation  mechanism  >f  the  various  emitting  species,  as  we  performed  the 
spectrometry  with  a  moderate  resolution.  Our  effort  was  somewhat  limited 
by  two  factors:  an  insufficient  spectral  resolution,  and  a  complete  lack 
of  the  time  resolved  spectral  data. 


TABLE  I 


Observed  Atomic  Oxygen  Lines 


(cm-1 ) 


Transition 


7593.7 

l*s  3S° 

-  3p3P 

6289.5 

5dsD 

-  UpsP 

55U6.9 

UfsF 

-  3dsD 

5»*79.  I* 

Uf  3F 

-  3d  3D' 

3918.9 

6rsF 

-  UdsD 

3876.2 

6f  3f 

-  Ud  3D 

3819.9 

8s  SS 

-  5psP 

3819.9 

6g  3C 

-  Uf 3F 

3770.7 

Ud5D 

-  UPSP 

3617.2 

UpsP 

-  Us^s 

31*55.1* 

l*p3P 

-  Us  3S 

3226.9 

3d  3D 

-  Up3p 

3021 . 9 

5ssS 

-  UP5P 

2731.0 

5s  3S° 

-  Up3P 

2575.7 

5fsF 

-  Ud5D' 

2532.7 

5fJF 

-  Ud  3D' 

21*77.3 

5«5G 

-  UfsF 

2192.1 

Up  3P 

-  3d  3D' 

2151*. 6 

7rsG 

-  Sf'T 

2150.5 

7f  ^F 

-  5gsG 

15 


REFERENCES 

1.  A  very  few  spectr omet ric  studies  have  beef,  conducted  on  th«  upper 

atmospheric  infrarei  omission.  AFGL  conducted  two  successful  measure¬ 
ments:  SPIKE  and  HIRIS. 

SPIRE,  paper  : resented  by  Nadile  et  i’  at  Topical  Meeting  on 
Atm  spher.c  Spectroscopy  hell  at  ICeyst  ne,CO  1978). 

HIRIS,  paper  presentel  by  A.T.  Stair  at  Ameri  an  Chemical  Society 
Annual  Meeting  1978',  "Atm  spheric  Spectra  Obtained  by  *  ne  R.*-ket- 
borne  try  scenic  10°K  Interfer  meter ,  HIRIS." 

2.  General  referen  ce  for  atomic  spectroscopy: 

I.  Her tberg ,  At  ■r.ic  Spectra  and  At  oml c  St  ruct  ire.  Second  Ed.,  trans. 
by  J.  Spinks,  Dover,  'lew  York  ^9^*0 . 

General  reference  for  molecular  rpec troscopy : 

j.  Herxberg,  V-  lecular  Spectra  ar.il  M-  lecular  .Structures 
I.  Spe*tra  f  Dia*  mic  Mole-ules,  Second  Ed.  (19*>oV 
II.  Infrared  and  F  am  an  Spectra  of  Polyatomic  Molecules  ( 191*5). 

III.  Electr  n :?  Spectra  and  Electronic  Structure  of  Polya’umlc 
Molecule:  i<**  .  Var.  strar  i  Relnholl,  New  York. 

v.  M  .  r.'i,  'Jhe  :  >j  rj_  f  *  a*  '  T  mlc  M.  ;  ecujes.  Wiley, 

New  York  ( 1 9TTT. 

t.  G.  Var.asse  and  H.  Sakai,  "Four  «-r  Sj^ect  r  scoj  y"  in  Fr  ogress  in  Optics. 

•  ..  II,  Fd.  B.  Wolf,  Bort h- Hoi  land ,  Amsterdam  ( 1 967  > . 

"Proc.  Aspen  In*  erna*  icnal  lon'erer. -e  >r.  Fourier  Spectroscopy ,"  Ed.  by 

S.  Vanasse,  A.T.  S*air,  and  D.  Rak>*r.  AFTRL  Special  Report  No.  II1* 
(1971). 

It.  "RT-11  SyBtem  Reference  Manual”,  Digital  Equipment  Corporation, 

Maynard,  MA.  Pub.  No.  ORUGA-C-D,  PN1,  DNS  (1976). 

5.  D.J.  Lovell  and  J.  Strong,  Appl .  Opt.  8,  1673  (19<9). 

6.  D.C.  Cartwright  et  al ,  Phys.  Rev.  A  lfc,  101*1  (1977). 

7.  C.E.  Moore,  NSRi'S-NPS  3.  Sect.  7,  U.S.  Government  Publication  ( 197< 

ft.  R.  Murphy,  P,  Cook  and  H.  Sakai,  J.  Opt.  S*>c.  Am.  6£,  6 00  (1975). 

H.  Sakai  and  R.  Murphy,  Appl.  Opt .  _17,  1  tit.  (197ft). 

W.  Benesch  and  K.  Saum.  J.Q.8.R.T.  IV.  1129  (19T2). 

9.  Infrared  Scission  Spectroscopy  was  actively  engaged  by  two  croupr ,  one 
headed  by  W.  Benesch  and  another  by  X.  McCubbin. 

V.  Benesch  and  X.  Saum,  J.Q.f.R.T.  IS.  11S9  (197.). 

X.  Saum  and  W.  Benesch,  Appl.  Opt.  £,  ll*l9  (1970). 

X.  McCubbin,  paper  pr-sen'ed  at  the  d3rd  Sytafiosivgii  on  Molecular 
Spectroscopy.  Ohio  State  University  (107ft). 


17 


10.  lenersl  referen ce  t ■  the  molecular  nitrogen  spectroscopic  data: 

A.  L  fthua  and  I  ’ .  H .  Krupenie,  J.  Piiy3.  Chert.  Ref.  Data  6,  113  (1977). 

11.  The  molecular  oxygen  spectroscopic  data  are  compiled  by  P.H.  Krupenie, 

J.  Phys.  Che*.  Ref.  Data  1_,  **?3  (197?). 

1?.  Heriberg,  Ref.  ?  (19**5)  and  (1966) 

The  tine- resolved  data  on  the  C0-C0o  fluorescence  are  described  in 
H.  Dakai,  Kagaku  No  Ryoiki,  3?,  No/ 12,  18  (1978). 

H.  .'akai  and  H.  Murphy,  Applied  Opt.  1J_,  13 1*2  (1978). 

13.  fill  -.ion  data:  T.R.  Todd  et  ai ,  J.  Mol.  Spec.  6?,  201  (1976). 

A.W.  Mantz  and  .  .  Mai llarl,  J.  Mol.  Spec.  £3,  **66  (197*0. 

Time- re solved  data:  :'akai  (1978)  and  Cakai  and  Murphy  (1978)  of  Ref.  12. 
Renesch  and  ?aum  (197?)  of  Ref.  9. 

H  luenching  on  C<  Fluorescence: 

‘J.  Ctrlcker,  J.  Phem.  Phys.  68,  93**  (1978). 

lU.  R.  Murphy,  J.  Chen..  Phys.  Uft52  (1971). 
f.  Mies.  J.  M.  1.  i'pec .  v^,  150  (197**). 

J.f.  .Mail.ard,  J.  Chanvllle  and  A.W.  Mantz,  J.  Mol.  Cpec.  6^,  120  (1976). 

D.  i'sk’T  <-•  al ,  paper  presented  at  Topical  Meeting  on  Atmospheric 
.'pectr  scopy  held  at  Key  tone,  CO  (1978). 

lr).  Analysis  of  NH  uv  hand: 

H. N.  Dixon,  Can.  J.  Phys.  21*  1171  (19S9). 

J.  Maliget.,  .T .  Hrl  B  an  i  H.  Ouenebaut  ,  J.  Chem.  Phys.  (Fr.)  6^,  2^  (1970). 
Reaction  of  NH  to  NO: 

I.  Hansen  et  al ,  Chen.  Phyr .  Letters  Up,  370  (1976). 

N.  Mulvihi 11  and  L.F.  Phillips,  Chem.  Phys.  Letters  22*  327  (1975). 

16.  Spectral  Analysis: 

F.  Billingsley,  J.  Men.  Spec.  61 ,  ‘>3  (1976). 

P.  Kristiansen,  J.  Mo],  epor.  MS,  277  (1977). 

R.  Dale  et  al ,  J.  Mol.  Spec.  6J,  1*90  (1977). 

C.  Aralot,  R.  Bacts  and  0.  Ouelachivi  li ,  Can.  J.  Phy3.  £6.1  2U?  (1978). 
Formation  Mechanism: 

.T.  Kennealy  et  al ,  J.  Chem.  Phys.  6£,  157**  (1978). 


DATA  COLLECTION  AND  PROCESSING  SCHEME 


Cross-section  of  the  discharge  column  indicating  relative 
dimensions  and  electrical  connections. 


Fig.  6  Infrared  emission  spectrum  produced  by  an  electronic  discharge 

in  air.  Besides  the  indicated  species,  01,  HI ,  *»H  and  OH 
are  observed. 


Fiji;.  6.  The  enhanced  emission  of  JtH  and  OH  is  probably  due 
to  a  larger  moisture  content. 


decomposi*  i '■*’  products  and  atomic  hydrogen  (dotted  lines) 
the  observed  emitting  species.  The  NH  fundamental  is  well 


Fig.  16  The  NH  fundamental  observed  at  higher  resolution,  Ao  =  0.12  cm 


POTENTIAL  ENERGY  (eleclron  volts) 


INTER  NUCLEAR  DISTANCE  (A) 


Potential  energy  curves  for  N.,  (att'>r  A.  Lufthus  and  P.H.  Krupenie 
J.  Fhys.  Chora.  Ref.  Data,  6,  ?8P  (1977). 


Figs.  20-23  are  included  for  reference 
purposes.  Their  source  is: 


M.  Mizushima,  The  Theory  of  Kotating 
Diatomic  Molecules ,  John  Wiley  S <  Sons, 
New  York  (1975). 
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This  proKrur  relays  incoming  data  from  the  I'RV-11  parallel 
interface  to  diskette  #1 


.TITLE  PRO  11  TO  DISK 
.CSECT  DRVDX1 

. MCALL  .  .0  2.  .  . . REGDEF .  . TTY  IN t  . ENTER » .FETCH 
.MCALL  .UR  ITU.  .CLOSE. .PRINT. .EX  I T 
.GLORt  IREA.IOUT 


.  .V2.  . 

. REGPEF 
Rl  K1  R2 
RCOUN  R3 

int:  moo  R2.sav  {interrupt  routine 

MOV  DPT  »  R2 

ChP  •  1776+P1  « R2 

BGE  NF 

MOV  »RlrR2 

NF:  MOO  (?•  167774  f  (  R2  )  4 

MOU  R2 . DP  T 

hoy  sAy . R2 

RTI 

start:  .print  iencoun 

JSR  PC  » I REA 

MOy  Rif RCOUN 

DEC  RCOUN  {FIRST  BLOCK  0 

.FETCH  #HDXlf#DXl 
PCS  FET 

.ENTER  #AREA.#Of#DXI .♦-! 

PCS  ENT 

MOV  • I  NT .(*#304  {SET  UP  INTERRUPT 

MOV  •340 .  (*#306 

MOV  I PI. DPT 

MOV  #40  »  (?• 1 A7770 

CLR  PLK 

A!  CMP  DPT . #B2  ICHECK  TO  SEE  IF  PUFF  ONE  FULL 

PLT  A 

.URITU  • ARE A .#0.#P1 .#  400 .PLK 
PCS  RUR 

INC  PLK 

CMP  RCOUN »  PLK 

PLT  FX 

P:  CMP  DPT.*P2  {CHECK  TO  SEE  IF  PUFF  TUO  FULL 
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BGC 

B 

. ur i ru 

•AREA. #0,#B2» #400. BLN 

BCS 

BUR 

INC 

BLN 

CNF' 

BCOUN.Bl  N 

DOE 

A 

ex: 

BIC 

#40. (>*16/770 

.CLOSE 

•  0 

.F'RINT 

♦  GDRD 

MOV 

BLN. RO 

JSR 
•  EXIT 

PC. 1  OUT 

fet  ; 

.PRINT 
.EX  I  1 

•BADPET 

ENT  : 

.PRINT 

.EXIT 

•BADE NT 

BWR  * 

.PRINT 

.  ex  n 

•BADWR 

gdrd: 

. ASCIZ 

/NUMBER  OF  BLOCKS  STORED  ON  DX1 J  DATA. I NT 

BADPET  : 

. ASC I Z 

/BAD  FETCH/ 

HA DENT  : 

.ASCIZ 

/BAD  ENTfR/ 

badwr: 

. ASCIZ 

/BAD  WRITE/ 

i  ncoun: 

.ASCIZ 

/ENTER  NUMBER  OF  BLOCKS  TO  BE  READ/ 

b  i : 

.  HI  NU 

400 

B2: 

.HI  RU 

400 

area: 

.  BLNU 

10 

sav: 

.WORD 

0 

dpt  : 

.  UORD 

0 

dx  i : 

.  RAD GO 

/DX  1  / 

. RAD50 

/DAT/ 

.  RADT.O 

/A  / 

.  RADSO 

/JNT/ 

Hpxi:  . H  KU  4000 

.END  START 

* 
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This  is  an  ASCII  character  conversion  program. 


•TITLE  CODE  6-BIT  ASCII 

» OUTPUTS  ONE  I  INE  129  BYTES  LONG  UITH  CR 
*  R2  BUFF  IN  LOCATION 
TR3  BUFF  OUT  tOCATION 
» R3  AFTER  RUNNIONG  IS  SAME  AS  BEFORE 
* R2  COULD  EQUAL  R3 


.  CSECT 

C0DE6 

• GLOBL 

COD 

. MCALL 

.  .V2. . . .REGDEF 

.  .  V2.  . 

. REGDEF 

UOR 

*RO 

HOLD 

«R1 

cod: 

MOV 

ROt -<SP> 

MOV 

R1 »-( SP ) 

MOV 

R3 . - ( SP ) 

MOV 

•  1 00 » COUNT  » OUTPUT  64  WORDS 

loop: 

MOV 

<  R2 )  +  »  HOL  D 

INC 

HOLD  » 7ER0  IS  EOR  ON  CBC 

CMP 

•10000. HOLD 

BNE 

C 

MOV 

•  7777 1 HOLD 

c: 

MOV 

HOLD. UOR 

ASL 

UOR  THIGH  ORDER  BYTE 

ASL 

UOR 

BIC 

•140377. UOR 

SWAB 

UOR 

MOVB 

T  ABLE ( UOR ) . <R3)4 

PIC 


•  1  77700  •  HOL  Ti  ;low  order  byte 

MOV*  TABLE (HOLD) » <R3)P 
DEC  COUNI 

DOT  l  OOF 

MOL'D  1 1  ji  ( R3 )  +  » OUTPUT  CR> 

MOV  ( SF ) ♦ » R3 

MOV  ( SP ) ♦ »  R 1 

MOV  (SP)PtRO 

RTS  PC 

count:  .word  o 

TAPI  E  :  .ASCII  /  :  ADCDEFGH1  JM  MNOPOKS T UVUXYZO 1 23456 789+-*/ 

.  BYTE 

.ASCII  /<>• 


This  program  transmits  data  on  diskette  #1  t.o  the  central  CDC 
facility  via  modem. 


.TITLE  DISK  TO  CDC 
• CSECT  DX 1 CDC 

.MCALL  . .  V2. . . . REGDEF  » .LOOKUP. .FETCH* .PRINT. .EXIT. . READW 
.  GLOBl  IREA. IOUT.COD 


. . V2. . 
.REGDEF 
COUN  T  =  R4 
HL  K  =  R5 

TXCSR  - 1 77564 
T  X  DUFF  =177566 

MRCSR  =175610 
MRBIJFF  =175612 
HXCSR  =175614 
MXBUFF  =175616 


start:  .print  bencoun 

JSR  PC.IREA 

MOV  Rl.BCOUN 

DEC  BCOUN  JFIRST  BLOCK  0 

.FETCH  9HDX 1 . 9DX 1 

PCS  FET 

.LOOKUP  9ARE A . #0 . 9DX 1 

PCS  ENT 

CLR  BLK 

A:  .READW  9AREA.90.9B1 » 9400 .BLK 

PCS  BAREA 

MOV  9400. COUNT 

MOV  9B1.R2 

MOV  94.LC0U  1  OUTPUT  4  LINES 

SLI  MOV  9B0UT.R3 

JSR  PC.COD 

Tt  BIT  9200.MXCSR  I  SEND  ONE  CHAR 

BEO  T 

MOVB  ( R3 ) . MXBUFF 

R:  BIT  9200. MRCSR  IREAD  ECHO 

BEO  R 

MOV  MRBUFF  »  TEM 

CMPB  TEM »  <  R3  >  F  SCHECK  FOR  ERROR 

BNE  ER 


CMPB 

BNE 


915. TEM  I  LOOK  FOR  <CR> 
T 
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moy 

♦12.ZC0U 

rck: 

BIT 

#200  f MRCSR 

BEQ 

RCR 

CMP 

#77»MRBUFF 

BEQ 

RSP 

DEC 

ZCOU 

BGT 

RCR 

DR 

ERE 

fet: 

.PRINT 

.EXIT 

♦BADFET 

ent  : 

.PRINT 

.EXIT 

•BADENT 

BARE  A.* 

. PRINT 
.EXIT 

IBADREA 

rsp: 

BIT 

#  200 1 MRCSR 

BEQ 

RSP 

CMP 

•  240  * MR BUFF 

BNE 

ERE 

DEC 

LCOU 

BGT 

SL 

INC 

BLK 

CMP 

BCOUN.BLK 

BtiE 

A 

TCR 

BIT 

#200  »  MXCSR 

BEQ 

t  :r 

MOY 

• 15»MXBUFF 

.PRIN I 
.EXIT 

•  GOOD 

er: 

DEC 

R.l 

tbc: 

BIT 

•  ;oo»mxcsr 

BEQ 

T  DC 

MOYB 

•  ; 0 » MXBUFF 

KBC  .* 

BIT 

♦200, MRCSR 

BEQ 

RPC 

CMP 

♦210,MRBUFF 

BEQ 

T 

ere; 

. PRIN 1 
.EXIT 

#1  REX 

{WAIT  10'TH  CHAR  SHOULD  BE  ? 

{ CHECK  FOR  ? 


{CHECK  FOR  <SF> 

{SEND  <CR> 

{AN  ERROR  HAS  OCCURRED 

{SEND  BS  > 

{CHECK  ECHO  <BS> 


badfet:  .asciz  /bad  fetch/ 

badent:  .asciz  /bad  lookup/ 

badrea:  .asciz  /bad  disk  read/ 

encoun:  .asciz  /enter  number  of  blocks  to  be  read/ 

EREX:  .ASCIZ  ✓  ERROR  EXIT  / 

GOOD:  .BYTE  7  *  BELL 

.ASCII  /  GOOD  TRANSFER''/ 

.BYTE  7 

.BYTE  0 

.EVEN 

bcoun:  .WORD  0 

lcou:  .word  o 

bout:  .blkw  300 

zcou:  .WORD  0 

tem:  .word  o 

bi:  .blkw  400 

area:  .blkw  io 

sav:  .WORD  0 

dft:  .WORD  0 

DXi:  . RAD50  /DX 1 / 

. RAD50  /DAT/ 

. RAD50  /A  / 

. RAD50  /INT/ 

HDXi:  .BLKW  4000 

.END  START 

* 
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